The pulsed-field ionization zero-electron kinetic-energy ͑PFI-ZEKE͒ threshold photoionization spectrum of NO 2 from 9.58 to 20 eV is obtained using vacuum ultraviolet synchrotron radiation by means of the Chemical Dynamics Beamline at the Lawrence Berkeley National Laboratory Advanced Light Source. The high resolution afforded by PFI threshold discrimination yields new or refined spectroscopic constants for a number of known excited states of the cation, including the first estimate of the A rotational constant in the a ϩ . Vibrational positions in the first electron volt of the spectrum are found to conform with the predictions of a Hamiltonian that includes Fermi resonance and other anharmonic terms derived from earlier multiresonant laser spectroscopic experiments on the lower bending excited states.
I. INTRODUCTION
In addition to energetic reference points, theoretical models for the kinetics of chemical rate processes in combustion and other gas-phase reaction systems require structural information to accurately calculate the state densities of reacting species. 1 At chemically significant energies, anharmonicities play an important role in determining the distribution of vibrational levels, especially for weakly bound free-radical intermediates. Furthermore, free-radical reactions often encounter low barriers, and in such cases, details in the anharmonic coupling of vibrational modes can affect dynamical outcomes, including the disposal of excess energy in products. Few experiments provide direct information, and model calculations must rely on theoretical potentials in order to estimate higher-order terms in vibrational force fields. Spectroscopic measurements provide an important means to test the validity of such ab initio calculations.
Some time ago, we characterized the anharmonic terms in the vibrational potential of NO 2 ϩ that give rise to bendstretch Fermi resonance. 2 Using ionization-detected twophoton absorption, we obtained the spectrum of a long progression of vibrationally excited levels in the 3p 2 ⌺ u ϩ Rydberg state of NO 2 ϩ . The linear NO 2 ϩ core of this Rydberg state possesses a vibrational potential that parallels the potential surface of the cation, so that the broad envelope of Franck-Condon factors for transitions from the bent neutral ground state provides a convenient means to observe cation vibrational structure over a wide energy range. Using a comprehensive fit to fifteen band positions through the ͑040͒-͑120͒-͑200͒ triad, we were able to estimate harmonic frequencies, diagonal anharmonicities, and the cubic force constant, k 122 . Three-color triple-resonant state-selected ionization experiments with pulsed-field ionization zeroelectron-kinetic-energy ͑PFI-ZEKE͒ threshold photoelectron detection have provided a direct measure of cation frequencies for comparison. 3 We have found that the degree of vibrational coupling in the cation compares with the more extensively characterized 3p Rydberg state. The experimental results for the core cation agree well in both cases with CCSD͑T͒/͓4s3 p2d1 f ͔ ab initio calculations including Fermi resonance effects. 4 We have now begun work seeking to test this potential by extending PFI-ZEKE measurements of cation vibrational structure to higher energy levels, reached in direct vacuum ultraviolet ͑VUV͒ transitions from the neutral ground state. To obtain these spectra, we have used the multipurpose photoelectron-photoion apparatus [5] [6] [7] [8] [9] on the Chemical Dynamics Beamline 10 at the Lawrence Berkeley National Laboratory Advanced Light Source ͑ALS͒.
Like the Rydberg spectrum, the spectrum of photoionizing transitions from the bent ground-state neutral to the linear cation forms long vibronic progressions. 11 This displaced Franck-Condon envelope makes the adiabatic threshold difficult to discern, but does provide a very effective means to explore the higher vibrationally excited states of NO 2 ϩ . In this respect, NO 2 is representative of many free-radical neutrals that form higher-symmetry closed-shell cations. Weak vibrationless thresholds together with unresolved multimode progressions have long been a feature of the conventional photoionization spectra of free radicals, 12 and will be an issue in combustion free-radical photoionization experiments planned for the ALS. Figure 1 shows a schematic diagram of the multipurpose photoelectron-photoion experimental apparatus. 9 We obtain threshold photoionization spectra by crossing an effusive jet of NO 2 with the VUV output of the U10 undulator on the Chemical Dynamics Beamline. Radiation in the range from 9.5 to 20 eV ͑130 to 62 nm͒ is frequency-selected by means of a Ne gas harmonic filter followed by a 6.65 m off-plane Eagle mounted monochromator. 10 Normal incidence on a grating ruled at 2400 lines/mm yields a dispersion of 0.64 Å/mm to provide a nominal resolution of 0.032 Å full width half-maximum for entrance/exit slits of 50/50 m.
II. EXPERIMENT
The NO 2 jet is formed by a neat expansion through a 0.5 mm metal orifice positioned 0.5 cm from the photoionization region of the photoelectron apparatus. Sample gas is drawn from a liquid-filled cylinder held at 10°C. A two-stage regulator maintains a stagnation pressure of 520 Torr.
The threshold photoionization apparatus achieves ZEKE photoelectron discrimination by exploiting the time structure of the synchrotron radiation source, which for this experiment consists of alternating 544 ns periods of illumination followed by 112 ns dark gaps. During irradiation, the experiment maintains a nominally zero electrostatic field across the ionization region of an electron time-of-flight spectrometer.
9,13 Accumulated ZEKE threshold photoelectrons are then extracted by a 40 ns, 2.7 V/cm pulse which is applied to the repeller 20 ns after the beginning of each dark gap. The repetition rate of the experiment is thus 1.52 MHz.
III. RESULTS
We have scanned the threshold photoionization spectrum of NO 2 over limits corresponding to various cation excited states of the region from 9.5 to 20 eV. Figure 2 shows a survey scan over the full interval using a counting time of 5 s per point. HeI photoelectron spectroscopy has assigned ionization thresholds in this region to the 1 14-16 The conventional photoelectron spectrum, however, fails to resolve the singlet-triplet splitting in the second B 2 state, and the 3 A 1 band system appears as a structureless background. Transitions to the cation ground state form a single diffuse band that extends from 10.3 to 12.1 eV.
ZEKE threshold photoelectron discrimination provides substantially better resolution. Figure 3 gives an expanded view of the ͑030͒ band of the first 3 B 2 state, from which we can discern rotational structure. With higher sensitivity and sharper resolution we also observe progressions that we can assign to the singlet and triplet components of the second B 2 state, and definitively observe structure that can be associated with d 3 A 1 . Figure 4 details these band systems. Table I summarizes the positions and spectroscopic constants that can be derived from the ZEKE spectra of these excited states of NO 2 ϩ . ZEKE photoelectron discrimination also provides a structured spectrum of the cation ground state, in which discrete transitions build on progressions in v 2 arising from bent-to-linear photoionization. The entire band is included in Fig. 4 . Figure 5 provides a closer view that extends from the adiabatic threshold to 11 eV. Weak but evident are some of the same low-frequency bands present in ZEKE spectra that were obtained by means of laser-induced transitions from the 3p 2 ⌺ u ϩ Rydberg state, 3 including an origin which is just discernible at 9.58 eV. With increasing energy, individually assignable bands give way to a complex system of irregular resonances. Many open-shell free radicals that are distorted by their complex electronic structure as neutral molecules, form electronically simple, higher-symmetry closed-shell cations. 17 Thus
of the bending quantum number, photoionizing transitions form long vibrational progressions. An assignment of this structure requires consideration of anharmonic terms in the final-state vibrational potential. NO 2 ϩ is isoelectronic with CO 2 , and a significant feature of this anharmonic force field is the 1:2 Fermi resonance between symmetric stretch and bend. 2, 18 The effect of Fermi resonance on vibrational positions can be included as a perturbation on the structure predicted by the general vibrational Hamiltonian for a linear triatomic: Here, H is the first-order term in the Hamiltonian coupling vibrational states n and i, obtained using a contact transformation expressed in terms of the cubic anharmonic term, hck 122 q 1 q 2 2 , in which q 1 and q 2 are stretching and bending normal coordinate displacements. 20 For NO 2 ϩ , we found that we could characterize the positions of 14 vibrational levels extending to the ͑040͒ triad using a k 122 of Ϫ74.56 cm Ϫ1 . The same analysis suggested that higher-order terms coupling, e.g., (04 0 0) with ͑200͒ are negligible by comparison. The parameters established for NO 2 ϩ are nearly the same as the corresponding anharmonic coupling terms established many years ago for CO 2 , 18 although a larger difference between the zeroth-order frequencies for symmetric stretch and the bending overtone in NO 2 ϩ diminishes the influence of bend-stretch coupling on vibrational displacements. This Hamiltonian provides a basis for predicting the influence of Fermi resonance on the positions of the higher vibrational states of NO 2 ϩ . Figure 5 includes a simulation of the threshold photoionization spectrum extending to a cation internal energy of 1.5 eV ͑12 000 cm however, are based strictly on the force-field parameters derived from our earlier fit to the vibrational levels that fall in the first 0.5 eV of this spectrum. The predicted spectrum fits reasonably well with features that appear in the next 0.5 eV. Above that, direct correspondence is lost. In particular, the experimental spectrum appears to develop an increased regularity which suggests stronger coupling between adjacent levels than that represented by the Fermi resonance Hamiltonian.
B. Rovibrational structure of the higher excited states of NO 2 ؉
Vibronic structure in the 1 g group
Orbitals 4b 2 and 1a 2 just below the highest occupied molecular orbital 6a 1 correlate with 1 g in linear geometry. According to the Walsh diagram for NO 2 , photoionization of these electrons will form bent cation singlet and triplet states of B 2 and A 2 symmetry. 21, 22 Early photoelectron work, [14] [15] [16] supported by theory, [23] [24] [25] has convincingly assigned the first quartet of excited features in the spectrum to the states:
The present results offer improved resolution. Figure 6 gives an expanded view of the B 1 B 2 state together with a harmonic simulation. This fit establishes fundamental frequencies for symmetric stretch, asymmetric stretch, and bend for this state. Also newly resolved in this spectrum is a weak bending progression in A 1 A 2 . Table I summarizes observed frequencies. At higher resolution, we can detect rotational structure in the a 3 B 2 state. Figure 3 includes a simulation that reasonably represents the rotational contour of this band as a perpendicular system of transitions from the neutral ground state with rotational constants AЉϭ8.0 and B -Cϭ0.411 to a final state AЈϭ6.5. The simulation is insensitive to the final state BЈ -CЈ at the resolution of the experiment. Nevertheless, the contraction that we find in AЈ is consistent with a smaller equilibrium cation excited-state O-N-O angle as predicted by molecular orbital considerations. Supporting such a conclusion is the long bending progression in this band system.
Vibronic structure in the 1 u group
Deeper orbitals 5a 1 and 1b 1 form the configuration 1 u in linear geometry. Photoionization yields singlet and triplet Table I gives the position of the origin together with an assignment of the vibrational structure of this band system.
Resolution of singlet-triplet splitting in the photoionization of 3b 2
The conventional photoelectron spectrum of NO 2 shows structure at 19 eV which has been assigned to the e 3 B 2 state. 15, 16 No definitive evidence is present in earlier spectra for the singlet component. The ZEKE spectrum presented here reveals two distinct band systems with identical Franck-Condon envelopes. The stronger progression fits with the e 3 B 2 state identified in the conventional photoelectron spectrum. We assign the weaker, higher-energy progression to the D 1 B 2 component, split by 0.085 eV.
V. CONCLUSIONS
We have recorded the ZEKE threshold photoionization spectrum of NO 2 from 9.58 to 20 eV using vacuum ultraviolet synchrotron radiation from the Advanced Light Source at Lawrence Berkeley National Laboratory. The observed spectrum reproduces structure which is present in the conventional HeI photoelectron spectrum of this molecule. The higher resolution afforded by ZEKE threshold discrimination yields refined spectroscopic constants for a number of cation excited states, including an estimate of the A rotational constant in the a 3 ϩ . Vibrational positions in the first electron volt of the spectrum are found to conform with the predictions of a Hamiltonian that includes Fermi resonance and other anharmonic terms derived from multiresonant laser experiments on the lower bending excited states. Future work will refine this higher-order characterization of the NO 2 ϩ vibrational potential by improving the experimental spectrum. The use of a supersonic free jet in the ALS photoionization apparatus will provide a greater degree of cooling and increase sample density in the interaction region. This will sharpen the threshold photoionization spectrum and improve its signal-to-noise ratio. With better resolved spectra, it will be possible to refine the present force field and extend assignments for comparison with variational calculations of vibrational energy levels on ab initio potentials. An important goal will be the use of experiment and theory together to characterize the detailed redistribution of Franck-Condon intensity that arises from bend-stretch mixing due to off-diagonal and higher-order anharmonicities. FIG. 6 . Expanded view of the ZEKE threshold photoionization spectrum of NO 2 in the region of the B 1 B 2 state ͑top͒. Harmonic simulation of a vibrational progression based on the fundamental frequencies listed in Table I ͑bottom͒.
